The corona current pulses generated by corona discharge are the sources of the radio interference from transmission lines and the detailed characteristics of the corona current pulses from conductor should be investigated in order to reveal their generation mechanism. In this paper, the line-to-plane electrodes are designed to measure and analyze the characteristics of corona current pulses from positive corona discharges. The influences of inter-electrode gap and line diameters on the detail characteristics of corona current pulses, such as pulse amplitude, rise time, duration time and repetition frequency, are carefully analyzed. The obtained results show that the pulse amplitude and the repetition frequency increase with the diameter of line electrode when the electric fields on the surface of line electrodes are same. With the increase of inter-electrode gap, the pulse amplitude and the repetition frequency first decrease and then turn to be stable, while the rise time first increases and finally turns to be stable. The distributions of electric field and space charges under the line electrodes are calculated, and the influences of inter-electrode gap and line electrode diameter on the experimental results are qualitatively explained.
Introduction
When the electric field on the conductor is above the corona onset field, corona discharge will be generated on the conductor and results in some corona effects. The corona current pulses as one of the corona effects are generated by the drift of the space charges and are the sources of the radio interference [1] [2] [3] . Besides, the corona current pulses also have close correlation with others corona effects [4, 5] . The characteristics of the corona current pulses are influenced by many factors, and should be investigated to reveal their generation mechanism.
Many scholars have conducted experimental and numerical investigations on the characteristics and influence factors of corona current pulses [6] [7] [8] [9] [10] [11] [12] [13] . In 1938, G W Trichel first observed the Trichel pulse from negative corona discharge [6] . Amin analyzed the intermittent corona current in the point-to-plane under positive burst pulse corona, preonset streamer corona and Trichel pulse corona, which well demonstrated the pulse characteristics and differences of corona current pulses from different corona modes [7] [8] [9] . Recently, by using the point-to-plane gaps, Li et al investigated the influence of gap spacing on the characteristics of Trichel pulses [10] . Yin et al investigated the positive corona current pulses in coaxial line-to-cylinder gap, and the influences of the radius of the conductor and corona cage on the characteristics of corona pulses were carefully discussed [11] . Besides, the influences of humidity and air pressure on the detail characteristics of corona current pulses in a linecylinder were analyzed in [12] and [13] , respectively. It can be concluded that the generation mechanism of corona discharge and the influence of corona-generated space charges on the corona discharge can be clearly observed through the detailed characteristics of corona current pulses.
The above-mentioned research focused on corona current pulses in either point-to-plane gap or line-cylinder gap. For the DC corona discharge, corona-generated space charges occupy all the region of the electrode gap. However, the interelectrode gaps of the point-to-plane gap and line-to-cylinder gap in the existing investigations were so short that the influences of space charges on the corona discharge were more obvious than that in the line-to-plane. In [14] , Liu et al investigated the corona current pulses generated by single corona sources in a conductor-cylinder gap whose interelectrode gap is 0.3 m. Although the gap discharge is long enough, the electrode system in [14] was different from the conductor-to-ground system (line-to-plane gap) of transmission lines. At present, few studies dealing with the detail characteristics of corona current pulses in line-to-plane gap have been published.
Many numerical methods have been proposed to simulate the corona current pulses, but most of them were just suited to analyze the corona current pulses in point-to-plane with short inter-electrode gap [15] [16] [17] [18] . Besides, the validity of the existing methods just can be given through comparing the single corona current pulse, and the random nature of the corona discharge cannot be reflected in the simulations. As for the corona current pulse in line-to-plane gap, the discharge points on the line electrode are random and increase with the applied voltage. The existing numerical methods for simulating the corona current pulses cannot be directly used in line-to-plane gap. Therefore, the experimental method may currently be an effective way to investigate the characteristics of corona current pulses in line-to-plane gap and to reveal the characteristics of corona current pulses.
In this paper, a line-to-plane electrode system is built and a series of experiments are conducted. The detailed characteristics of pulse parameters, such as pulse amplitude, repetition frequency, rise time and duration time, are statistically analyzed. The results show that the pulse parameters are highly dependent on the inter-electrode gap, surface electric field and diameter of the line electrode. Furthermore, the distributions of the electric field and the space charges are calculated to give qualitative explanations on the influences of inter-electrode gap and diameters of line electrode on the corona current.
The experimental setup and measurement
The schematic figure of the experimental setup is shown in figure 1 . In the experiments, line electrodes are isolated from the grounded plane by two insulators. The height of the insulators can be adjusted in order to investigate the influence of the inter-electrode gap on the corona current. The line electrodes are stranded aluminum conductors as shown in figure 2 . The surface of the conductors is well protected before experiments, ensuring no burrs on the surface of them. Three line electrodes with diameters of 5.55 mm, 7.00 mm and 8.16 mm are used to investigate the influence of the diameter of line electrode. The length of the line electrode is 2 m in the experiment. A positive-polarity DC voltage source with a maximum voltage of 120 kV is connected to the line electrode through a R F choker. The R F choker can reduce the interference from the DC voltage source and prevent the corona current pulse flowing through the DC voltage source.
In order to measure the corona current pulses, both ends of the line electrode are connected to coupling capacitors which are grounded through matching resistors. The coupling capacitors and the matching resistors can provide matching path for corona current pulses and insure the accurate measurements of the corona current pulses [19] . The matching resistor can be estimated through equation (1) .
where Z is the matching resistor, d and h are the diameter and the inter-electrode gap of the line electrode, respectively, μ 0 and ε 0 are the permeability and permittivity in the free space, respectively.
In the experiments, corona current pulses are measured by a current probe typed as Pearson 8585C with a bandwidth of 1.5 kHz to 200 MHz. The HS5-530 XM oscilloscope is used to record the measured corona current pulse and the sample rate is set to 200 MS s −1 . One full-storage record of the measured data is in a period of 0.335 s. In order to obtain the statistical characteristics of the corona current pulses, twenty tests for each condition are performed. The corona current pulses generated on the line electrode will flow along two sides of the coupling capacitors. Thus, the measured current pulses are nearly half of amplitudes of the coronagenerated current pulses from the single corona source.
Experimental results and analysis
The measured waveforms of the corona current pulses at different voltages are shown in figure 3 , when the diameter of line electrode is 5.55 mm and inter-electrode gap is 0.59 m. Under this case, the onset voltage of the corona current pulse is 78 kV. It can be seen from figure 3 that the corona current pulses have random amplitudes and time intervals. With the increase of applied voltage, the number of corona current pulses gradually increases.
The single corona current pulse can be represented as a double exponential function as shown in figure 4 in which the fitted expression is also given [20] . In the following parts, the detail characteristics of corona current pulse, such as pulse amplitude (I max ), repetition frequency, rise time (t r ) and duration time (t d ), are extracted from the measured waveforms and the statistical characteristics of them are carefully analyzed. With the increase of the applied electric field, the average values of pulse amplitude decrease slightly, but the repetition frequency increases rapidly. The average values of rise time and duration time nearly stay unchanged with the increase of electric field. Besides, it can be shown that the onset electric field of corona current pulse nearly keeps unchanged with the increase of inter-electrode gap. The onset electric field in this paper is defined as the electric field at which the first corona current pulse appears. The inter-electrode gap mainly affects the pulse amplitude, repetition frequency and rise time, and the duration time is nearly independent on it.
The average values of pulse amplitude, repetition frequency and rise time varying with the inter-electrode gap at different applied electric fields are shown in figure 6(a) to figure 6(c), respectively. As the inter-electrode gap increases, the pulse amplitude and repetition frequency first decrease and then gradually turn to be stable, while the rise time first increases and also gradually turns to be stable.
The influence of line electrode diameter
In order to investigate the influence of diameter of line electrode, three line electrodes with diameters of 5.55 mm, 7.00 mm and 8.16 mm are employed and corresponding corona current pulses are measured. The statistical results of the pulse parameters, i.e. pulse amplitude, rise time, duration time and repetition frequency varying with the electric field are shown in figure 7 . It can be found that the onset electric field decreases with the increase of diameter of line electrode as it is indicated in the Peek's formula. Both the pulse amplitude and the repetition frequency decrease with the increase of 
Analysis and discussions
For the positive DC corona discharge, the space between the line electrode and plane electrode can be divided as the ionization zone and ion drift zone. The corona-generated electrons, positive ions and negative ions exist in the ionization zone, while there are mainly positive ions in the ion drift zone. The schematic figure of the ionization zone and ion drift zone is shown in figure 8 . The critical condition for the ionization boundary is that the value of ionization coefficient equals to that of attachment coefficient (α=η) [21] .
It has been known that the corona current pulses on the line electrode are induced by the movement of corona-generated space charges in ionization zone and ion drift zone, and the instantaneous corona current can be expressed as in equation (2) according to the Shockley-Ramo theorem [22] .
where i c is the corona current, U is the applied voltage, e is the absolute value of the electronic charge, N p , N e and N n are the number density of positive ions, electrons and negative ions, which are closely related to ionization density, E is the space-charge-free electric field, V is the volume in space including the ionization zone and ion drift zone as shown in figure 8 , v p , v e and v n are the velocities of positive ions, electrons and negative ions, respectively. The average velocity of space charge can be given in equation (3) based on the lama's theory [23] .
where v q represents the velocity of the space charge, E s is the total electric field in the presence of space charges and k q is the mobility of the space charges. The motilities of positive and negative ions are 1.5×10 −4 m 2 /(V·s) and 1.7×10 −4 m 2 /(V·s) [24] , respectively. For the electrons, the mobility can be estimated on the basis of empirical equations [1] .
Based on the equation (3), the transit time of the coronagenerated positive space charges from line electrode to plane electrode can be calculated by
where τ is the transit time of the corona-generated positive space charges from line electrode to plane electrode, k p =1.5×10 −4 m 2 /(V·s) is the mobility of positive space charges, E s (z) is the total electric field along the z axis, h is the inter-electrode gap, and r 0 is the radius of the line electrode. The higher the transit time is, the lower the repetition is.
Based on the expression of corona current expressed in equation (2), the ionization density and the electric field can determine the characteristics of corona current pulse. And the repetition frequency can be mainly attributed to the drift characteristics of positive ions on the basis of equation (4) . In the following parts, the influences of diameter of line electrode and inter-electrode gap on the corona current will be explained on the basis of equation (2) to equation (4) and the distributions of electric field and space charges.
The influence of the diameter of line electrode
In order to analyze the influence of diameter of line electrode, the electric field, ionization coefficient integration and length of ionization zone should be calculated. Firstly, the ionization coefficient integration which reflects the ionization density is defined in equation (5) [25] .
where ξ is the ionization coefficient integration, r i is the distance between the center of the line electrode and the ionization boundary, the ionization coefficient α and attachment coefficient η can be calculated based on equations (6) and (7) [26] . 
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where δ is the relative air density, P is the air pressure (kPa), P 0 =101.3 kPa is the reference air pressure, T is the temperature (K), T 0 =293 K is the reference temperature, and E is the free-of-charge electric field (kV/cm). Therefore, the electric field at the ionization boundary can be calculated based on equations (6) and (7) when setting the ionization coefficient equal to the attachment coefficient (α=η). Then, based on the distribution of electric field around line electrode, the position of ionization boundary can also be obtained. Figure 9 shows the space-charge-free electric field around the line electrode in the radial direction for different diameters when the surface electric field is 50 kV cm −1 . Besides, the length of ionization zone (r i −r 0 ) and the It can be found that the attenuation rate of electric field along the radial direction decreases with the increase of diameter of line electrode. The length of ionization zone and the ionization integration increase with the increase of diameter, which means that the ionization density in the ionization zone is higher for greater diameter when the surface electric fields on the line electrodes are same. Thus, the amplitude of corona current pulse increases with the increase of diameter of line electrode at the same surface electric field according to the equation (2), which can give qualitative interpretations for the results shown in figure 7(a) .
Along with the movement of space charges, corona current pulses generated in the ionization development process experience the processes of development, suppression and restoration. As for the line electrode with a larger diameter, the attenuation rate of electric field is lower and the electric field at the same position is higher when the surface electric field is kept at a same value for different line electrodes. Thus, the positive ions around the line electrode with a larger diameter can drift faster away from the line electrode and the suppression on the corona discharge may be weaker. Therefore, the repetition frequency of corona current pulse increases with the increase of diameter. Besides, the line electrode with a large diameter has a larger area and may have more discharge points on the surface of line electrodes, which may further contribute to high repetition frequency for the line electrode with a high diameter. The above discussions can give an explanation for the measured results in figure 7(d) .
The influence of the inter-electrode gap
As for the influence of inter-electrode gap, similar analysis can be conducted. When keeping the space-charge-free electric field on the surface of line electrode at a same level (E max =45 kV cm −1 ), the space-charge-free electric fields from the line electrode to the plane electrode at different interelectrode gaps are shown in figure 10 . It can be seen from figure 10 that the electric field in the radial direction decreases rapidly from the surface of the line electrode. The electric field decreases to 10%E max when the distance away from the surface of the line electrode is 10 times of radius, which is almost same for different gaps. The electric field at the position far away from the line electrode decreases with the increase of the inter-electrode gap. When the inter-electrode gap reaches 1.08 m, the distribution of the electric field near the plane electrode is almost same with that in the line electrode with 1.17 m gap. Based on the distribution of the space-charge-free electric field, the effective ionization coefficient (α-η) can be calculated on the basis of equations (6) and (7). When the electric field at the surface of line electrode is 56 kV cm −1 , the effective ionization coefficient (α-η) for different inter-electrode gaps is shown in figure 11 . The values of α-η remain almost unchanged for the line electrode with certain gap h, which can give an explanation for the unchanged onset electric field under different inter-electrode gaps. Besides, the length of ionization zone and the integration of effective ionization coefficient (as defined in equation (5)) in the ionization zone are also given in table 2. The length of ionization zone and the integration of the effective coefficient are nearly independent on the inter-electrode gap. The ionization process and ionization density in the ionization zone for different inter-electrode gaps are almost the same. Therefore, we can infer that the contributions of the ionization zone on the corona current are almost same under different inter-electrode gaps, and thus the influence of inter-electrode gap on the corona current pulses should be mainly attributed to the drift of positive ions in the ion drift zone according to equation (2) . In order to calculate the total electric field E s and space charges in the ion drift zone, the method in [27] are employed. In the calculation, the ionization zone is not considered and the thickness of ionization zone is neglected. Besides, the Kaptzov assumption, i.e. the electric field on the surface of line electrode remains at the onset electric field after the occurance of corona, is employed.
Based on the calculated total electric field and equation (3), the drift velocities of positive ions along the axis under different inter-electrode gaps when the space-charge-free electric field on the conductor surface is 56 kV cm −1 can be calculated and shown in figure 12 . Similar to the distribution of space-chargefree electric field in figure 10 , the drift velocity of positive ions decreases rapidly around the surface. The drift velocity at the position far away from conductor decreases and eventually turns to be stable with the increase of the inter-electrode gap.
Furthermore, the distributions of positive ions under different inter-electrode gaps are calculated through the method in [27] and are shown in figure 13 . It can be seen from figure 13 that the density of positive ions around the line electrode also decreases and gradually turns to be stable with the increase of inter-electrode gap. Therefore, the calculated results of drift velocity, electric field and density of positive ions in ion drift zone indicate that the amplitude of corona current pulse will decrease and gradually turn to be stable with the increase of inter-electrode gaps according to the equation (2) , which can give the interpretation of the result in figure 6(a) .
For the influences of inter-electrode gap on the repetition frequency and rise time, some explanations can also be given. Under a smaller inter-electrode gap, the generated positive ions have higher ions drift velocity as shown in figure 12 and may drift faster to the line electrode. So the transit time expressed in equation (4) may be smaller for the line-to-plane electrode with a smaller inter-electrode gap, which may cause the suppressions from the positive ions on the corona discharge are relatively weaker and the repetition frequency of corona current pulses may be higher. With the increase of inter-electrode gap, the drift velocity decreases and gradually turns to be stable. So the repetition frequency of corona current pulse decreases and eventually turns to be stable with the increase of the inter-electrode gap as shown in figure 6(b) .
Furthermore, the positive ions around the line-electrode can restrict the development rate of electron avalanche, which can cause the decrease of the rise time of corona current pulse. The higher the positive ions density is, the greater the restriction is. On the basis of the distribution of positive ions in figure 13 , it can be concluded that the restriction of positive ions and the rise time of corona current pulses decreases and gradually turns to be stable with the increase of the interelectrode gap, which can interpret the obtained results of rise time varying with the inter-electrode gaps in figure 6(c) .
Based on the above discussion, it can be concluded that when the inter-electrode gap reaches at a certain value, the pulse parameters of corona current pulses are mainly determined by the surface electric field on the line electrode and will stay unchanged with the increase of the inter-electrode gap.
Conclusions
In this paper, conductor-to-plane electrodes are designed to investigate the corona current pulses from the line electrodes. The influences of inter-electrode and diameter of the line electrodes on the detail characteristics of corona current pulses, such as pulse amplitude, rise time, duration time and repetition frequency, are statistically analyzed.
For the line electrodes with different diameters, the rise time and the duration time are independent on the diameter. But the pulse amplitude and the repetition frequency increase with the increase of diameter when the electric fields on the surface of the line electrode are same. The interpretation for the influence of diameter on the pulse amplitude and repetition frequency can be attributed to the higher ionization density and lower reduction rate for larger diameter of line electrode. Figure 12 . The drift velocity of positive ions from the line electrode surface to ground.
